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Smooth transition regression model
Heating and coolingThe electricity sector is not only a substantial source of carbon emissions, but also vulnerable to climate
change, both due to the growing share of renewables and due to temperature related changes in seasonal
demand patterns. In this study we provide information on the impacts of +2 C global warming on heating
and cooling electricity demand for 26 European countries, based on 11 EURO-CORDEX climate simula-
tions, presenting mean changes but also weather-induced changes in peak demand. Smooth transition
regression models are used to estimate the relationship between daily electricity consumption and pop-
ulation weighted temperature. Assuming present demographic and economic structures, global warming
by 2 C reduces electricity consumption in most European countries. The reduced heating electricity
demand outweighs the increase in cooling demand. The highest decrease in relative terms is found for
Norway (up to5.2%), followed by Sweden, Estonia, Finland, and France. Italy is the only country for which
an overall increase in electricity demand is projected. The decrease of electricity demand in absolute terms
is projected to be by far the highest in France (between 10 TW h and 16 TW h p. a.). In most countries
peak demand of electricity for cooling and heating increases, whereby climate scenario uncertainties in
case of heating are high. Altogether, a cross-country comparison heavily suggests that climate is not the
main driver for the amount of electricity used for heating and cooling purposes, but rather energy policy.
 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Practical implications
Electricity consumption is of crucial importance for adapting to climate change in terms of adjusting to heating and cooling needs,
but also important in terms of mitigation as electricity accounts for more greenhouse gas emissions than any other sector in Europe.
In this study, we analyze the impacts of +2 C global warming on electricity demand in 26 European countries, presenting mean
changes, but also weather-induced changes in peak demand. Statistical methods are used to estimate the temperature sensitivity
of electricity demand for each country. Based on these estimated temperature-consumption relationships and EURO-CORDEX cli-
mate simulations, we determine the changes in electricity consumption under +2 C global warming. Taking an average emission
scenario (Representative Concentration Pathway RCP4.5), +2 C will be reached on average between 2036 and 2065.
Globalwarmingby2 Cisprojected to leadtoadecrease inelectricitydemandinmostEuropeancountries (seeFig.1).Basedoncurrent
temperature-consumption relationships, cooling electricity demand is estimated to remain relatively small compared to heating electric-
itydemand. Italy is theonlycountry forwhichan increase inelectricitydemand (between0.2%and0.6%) isprojected, as the rise incooling
demandduringsummeroutweighs thedecrease inheatingdemandduringwinter. Inall other countriesadrop in themeanoverall annual
electricity demand is found: the highest in Norway (between 3.6% and5.2%), followed by Sweden, Estonia, Finland and France. The
decrease of electricity demand in absolute terms is projected to be by far the highest in France (between10 TW h and16 TW h p. a.).
Regarding changes in the distribution of daily electricity consumption, the results revealed an increase in peak cooling electricity
demand. The highest increase in daily peak demand for cooling, presented as the deviation frommedian electricity consumption for
cooling, is found for Italy with an average increase of 40 GW h. More precisely, in the +2 C period, the lower bound of electricity
consumption found on the 5% of days with the strongest demand shows a deviation from the period’s median consumption that
is 40 GW h higher than in the reference period. This rise in daily peak demand equals 3.4 times the increase identified for mean daily
cooling electricity demand. While the changes in peak electricity demand for cooling show a clear pattern (both across nations and
climate simulations), the direction of change in peak electricity demand for heating and also in overall peak electricity demand differs
between countries and also partly between climate simulations..1016/j.
2 A. Damm et al. / Climate Services xxx (2016) xxx–xxxTo conclude, unless Europe switches to a very cooling intensive lifestyle or significantly reduces the use of electric heating, +2 C
global warming will have positive effects on electricity demand in the sense that less electricity will be needed overall. However, tem-
perature is just one of many factors influencing total electricity demand; other factors include income, electricity prices, demography
and technology. Thus, the amount of electricity used for heating and cooling purposes may be determined less by future tempera-
ture and more on energy policy and the willingness to design a low-carbon, energy-efficient heating and cooling system that is flex-
ible enough to adapt to changing temperatures.
The results presented in this paper could provide useful information for electricity network operators and energy policy makers.
The determination of peak electricity demand shows the impacts of unusually hot or cold days and periods on electricity consump-
tion, which is important for evaluating network reliability. Combining the applied methods to determine the impacts of climate
change on electricity demand in future research with the impacts on electricity supply on a daily basis or even on an hourly basis,
could help to better explain how the described demand effects will interact with supply side effects and whether future peak demand
requirements can be met. Potential reduced hydropower availability in summer or changes in the availability of wind power and pho-
tovoltaic energy production could pose challenges to electricity network operators in view of an increased cooling demand in sum-
mer, especially in the southern regions.1. Introduction
Although still divided on the degree of each country’s
contribution, there is broad international agreement on the
collective goal of limiting global warming to below 2 C compared
to pre-industrial levels. This aim was also confirmed at the Paris
UN Climate Conference in 2015 (UNFCCC, 2016), where additionally
the pursuance of efforts to limit the temperature increase to even
1.5 C above pre-industrial levels was decided due to concerns on
the sufficiency of the 2 C target to prevent irreversible climate
change processes (Hansen et al., 2008). While in principle both
targets seem technically possible, ‘‘the window for achieving [them]
is small and rapidly closing” (Rogelj et al., 2015, p. 519).
A major obstacle to global climate action originates from the
inability of nations to agree on a ‘‘fair” way of allocating the burden
of emission reduction. According to Meinshausen et al. (2015), a●
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Fig. 1. Change in mean annual electricity demand between 2036–2065 and 1971–2000
(TW h/year, right plot).
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2 C may be maintained if a major-economy country, such as the
EU28 or the USA, takes the lead and other countries follow in a
bottom-up manner. However, even accomplishing the goal of lim-
iting global warming to 2 C would most likely bring along non-
negligible climate impacts to various sectors of the economy.
Enhancing the scientific knowledge on projected impacts and pos-
sible benefits of the 2 C goal within a pan-European sector-based
analysis was thus the aim of the EU-FP7 funded project IMPACT2C.
This paper provides information on possible changes in electricity
demand in Europe under this target level of global warming.
The potential impacts of climate change on energy consumption
are important to both adaptation and mitigation policies. In partic-
ular, electricity consumption plays a crucial role in adapting to cli-
mate change in terms of helping to adjust to heating and cooling
needs in the face of temperature changes. It is also important in●
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(mean over 5 RCP4.5 simulations), in relative terms (%, left plot) and absolute terms
ing on electricity demand in Europe. (2016), http://dx.doi.org/10.1016/j.
A. Damm et al. / Climate Services xxx (2016) xxx–xxx 3mitigation planning as electricity accounts formore greenhouse gas
emissions than any other sector in Europe. Therefore, information
on the potential impacts of climate change on electricity consump-
tion will be valuable in developing adaptation and mitigation
strategies (Eskeland and Mideksa, 2010).
While for the different types of heating fuels (coal, oil, natural
gas, biomass, etc.) the pattern seems to be clear – higher tempera-
tures equal less demand – this is not necessarily the case for elec-
tricity (see e.g. De Cian et al. (2013)). As cooling is predominantly
powered by electricity, a warming climate might lead to a signifi-
cant shift from electricity demand for heating services in winter to
electricity demand for cooling services in summer. However, the
overall effect of this seasonal shift will be different for each coun-
try. Apart frommany socio-economic and technological factors, the
size of this effect will depend on the climate zone, the magnitude
of future climate change and the type of adaptation measures
taken.
For European electricity consumption, some studies provide an
overview on likely impacts of temperature changes. Pilli-Sihvola
et al. (2010) examine the need for heating and cooling with an
econometric multivariate regression model and find that in Central
and Northern Europe the decrease in heating due to climate
warming dominates, and thus costs will decrease for the users of
electricity. In Southern Europe climate warming, and the conse-
quential increase in cooling electricity demand, overcomes the
decreased need for heating and therefore costs will increase.
Eskeland and Mideksa (2010) find similar results based on the IPCC
climate change scenario A1B and the use of data on residential con-
sumption, electricity prices, per capita income and climate data.
Keeping all factors except temperature change constant, they esti-
mate that for northern countries electricity consumption will fall,
e.g. 19.5% in Latvia and 20.8% in Lithuania. For central Euro-
peans, the increases in summer temperatures and reductions in
winter temperatures come fairly close to leveling out consumption
changes over the year, while in southern countries consumption is
expected to rise, e.g. 10% in Greece and 18.6% in Turkey.
The present study seeks to further contribute to this issue by
analyzing the impacts of +2 C global warming on electricity
demand in 26 European countries, using national daily electricity
consumption data and population weighted temperature data (E-
OBS) for model calibration. Demand projections are based on 11
EURO-CORDEX climate simulations.
The literature provides different approaches of how to deal with
the non-linearity in the relationship between electricity demand
and temperatures. De Cian and Sue Wing (2014), for instance,
use daily temperature bins, i.e. the days of exposure to various
temperature ranges, when modelling annual electricity demand.
For each temperature bins, a separate coefficient is estimated. This
way, the shape of the response functions can be identified from the
data without imposing a priori functional forms. However, the
approach is quite data intensive. Another way is to use heating
degree days (HDDs) and cooling degree days (CDDs) in order to
capture temperature in demand equations. The idea of the degree
days approach is to define a temperature range or comfort zone
(e.g. 17 C–22 C), where neither heating nor cooling is needed.
Hence, cooling (or heating) demand only occurs when outdoor
temperatures are above (or below) the comfort zone. The concept
of heating and cooling degree days is, for instance, applied in
Ahmed et al. (2012), who use multiple linear regression analysis
to model the electricity demand in the State of New South Wales
(Australia) on a monthly basis. Further examples include the
annual panel data model of Eskeland and Mideksa (2010) on resi-
dential electricity demand in 31 European countries and the
monthly multivariate regression model of Pilli-Sihvola et al.
(2010) on electricity consumption for five countries in Europe
along the south-north line. However, the degree days approachPlease cite this article in press as: Damm, A., et al. Impacts of +2 C global warm
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for the a priori and sometimes arbitrary choice of threshold values.
Working with daily electricity data within the present study
allows for an examination of the non-linear relationship between
temperature and electricity demand by means of advanced statis-
tical techniques such as smooth transition regression (STR) models,
as applied in Moral-Carcedo and Vicéns-Otero (2005), Bessec and
Fouquau (2008), and Lee and Chiu (2011). Whereas Lee and Chiu
(2011) and Bessec and Fouquau (2008) use panel STR models
together with annual or monthly consumption data, Moral-
Carcedo and Vicéns-Otero (2005) work with daily consumption
data. Only the combined use of these more sophisticated regres-
sion models and high frequency consumption data prevents the
potential pitfalls from approaches which determine temperature
impacts by regressing cumulative heating and cooling degree days
(HDD and CDD) on monthly consumption. On the one hand, STR
has the ability to model the slow transition from temperatures
where heating is needed to temperatures where cooling is needed,
rather than arbitrarily choosing one exact threshold value for HDD
and CDD. On the other hand, the use of daily data makes it possible
to describe well-observed cooling effects for moderate temperate
countries such as Austria, Germany or the Netherlands; when
using monthly data, more pronounced effects like summer holi-
days may superimpose comparatively small but not negligible
cooling effects for these countries (Hekkenberg et al., 2009).
The remainder of this paper is structured as follows: Section 2
describes the data and methodology used for modelling the non-
linear relationship between electricity demand and temperature
and assessing the potential impacts of +2 C global warming.
Results are presented in Section 3, and Section 4 provides discus-
sions and conclusions.2. Data and methods
To analyze the electricity consumption–temperature relation-
ship, we proceed as follows. First, we calculate national tempera-
ture indices, which summarize both observational meteorological
data as well as climate scenario data, in such a way that the
population distribution within a country is accounted for (see
Section 2.1). Second, we correct national electricity consumption
for non-climatic effects (see Section 2.2). Third, we estimate the
statistical relationship between temperature indices and the
corrected consumption data and study the effects of +2 C global
warming on electricity load (see Section 2.3). Besides mean
changes in electricity demand between the +2 C periods and the
reference period, we also present changes in peak electricity
demand using the concept of Weather-Value at Risk, which is
explained in Section 2.4.
The analysis is carried out for 26 European countries for which
all the required data is available: these countries are the EU-28
countries excluding Cyprus, Malta and Greece, but including Nor-
way. The countries differ considerably in their electricity consump-
tion and prices, population and climatic conditions (see Table 1),
but also with respect to the penetration of electric space heating
and air conditioning (see Table 2) – two applications of electricity
particularly sensitive to temperature changes.
As illustrated in Table 1, the annual electricity consumption in
2013 varies between 6 TW h in Luxemburg and 491 TW h in
France. Per capita consumption differs by more than a factor of
13 (Romania: 2.5 GW h, Norway: 33.8 GW h), which, amongst
others, results from differences in the welfare levels, the electricity
intensity of the national industries, the share of electricity use in
space heating, the penetration of air conditioning, the efficiency
of energy use and the climate. The average population weighted
temperature (see Section 2.1) in the period 2006–2013 ranges froming on electricity demand in Europe. (2016), http://dx.doi.org/10.1016/j.
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ENTSO-E (2014)) Eurostat (2014) Eurostat (2014) Eurostat (2014) E-OBS, Haylock et al. (2008) E-OBS, Haylock et al. (2008)
[TW h] [€/kW h] [€/kW h] [1000] [C] [C]
AT 69 0.14 0.08 8 330 16.3 3.5
BE 85 0.16 0.08 11 125 15.6 6.2
BG 36 0.07 0.06 7 242 19.5 5.9
CZ 63 0.12 0.09 10 521 15.5 2.6
DE 462 0.15 0.08 79 704 15.3 4.2
DK 32 0.12 0.09 5 608 14.1 4.3
EE 8 0.10 0.08 1 316 13.6 0.4
ES 246 0.18 0.10 46 146 20.6 11.1
FI 84 0.11 0.06 5 418 12.1 2.3
FR 491 0.11 0.06 62 297 17.2 7.6
HR 17 0.11 0.08 4 253 19.6 6.9
HU 39 0.10 0.09 9 724 18.7 4.6
IE 26 0.20 0.11 4 602 13.2 7.0
IT 315 0.15 0.10 60 225 20.9 9.9
LT 11 0.09 0.09 2 960 14.5 0.4
LU 6 0.14 0.07 517 15.1 4.5
LV 7 0.09 0.08 1 996 14.1 0.2
NL 114 0.14 0.07 16 622 15.0 5.7
NO 128 0.13 0.06 3 790 11.7 0.7
PL 146 0.11 0.07 36 586 15.5 2.4
PT 49 0.12 0.10 10 449 20.3 12.4
RO 50 0.09 0.07 20 002 18.3 3.4
SE 139 0.13 0.07 9 502 12.9 0.7
SI 13 0.12 0.07 2 059 17.2 4.4
SK 28 0.14 0.11 5 411 16.8 3.0
UK 305 0.17 0.11 62 988 14.0 6.6
Note: AT = Austria, BE = Belgium, BG = Bulgaria, CZ = Czech Republic, DE = Germany, DK = Denmark, EE = Estonia, ES = Spain, FI = Finland, FR = France, HR = Croatia,
HU = Hungary, IE = Ireland, IT = Italy, LT = Lithuania, LU = Luxembourg, LV = Latvia, NL = Netherlands, NO = Norway, PL = Poland, PT = Portugal, RO = Romania, SE = Sweden,
SI = Slovenia, SK = Slovakia, UK = United Kingdom.
Table 2
Residential and tertiary electricity consumption (EC) for space heating (SH) and air cooling (AC), Ø 2010–2013.
Residential SH Residential AC Tertiary SH Tertiary AC
[MW h] [% of total resid. EC] [MW h] [% of total resid. EC] [MW h] [% of total tertiary EC] [MW h] [% of total tertiary EC]
AT 2.11 12.5 0.07 0.4 n.a. n.a. n.a. n.a.
BE 1.61 8.2 n.a. n.a. n.a. n.a. n.a. n.a.
BG 2.29 21.4 1.31 12.3 n.a. n.a. n.a. n.a.
CZ 2.61 17.8 n.a. n.a. n.a. n.a. n.a. n.a.
DE 9.52 6.9 n.a. n.a. 5.02 3.7 2.73 2.0
DK 1.53 15.0 n.a. n.a. 0.35 3.4 n.a. n.a.
EE 0.28 14.5 n.a. n.a. n.a. n.a. n.a. n.a.
ES 19.16 25.6 1.87 2.5 5.90 7.3 24.63 30.5
FI 10.08 45.7 n.a. n.a. 1.17 6.3 n.a. n.a.
FR 46.13 29.4 0.58 0.4 19.09 13.4 16.11 11.3
HR 0.72 11.1 0.75 11.6 n.a. n.a. 0.78 14.5
HU 1.56 14.3 n.a. n.a. n.a. n.a. n.a. n.a.
IE 1.15 14.0 n.a. n.a. n.a. n.a. n.a. n.a.
IT 12.48 18.1 7.92 11.5 n.a. n.a. n.a. n.a.
LT 0.04 1.5 n.a. n.a. n.a. n.a. n.a. n.a.
LU 0.16 18.2 n.a. n.a. n.a. n.a. n.a. n.a.
LV 0.07 4.1 n.a. n.a. n.a. n.a. n.a. n.a.
NL 1.83 7.4 0.08 0.3 0.23 0.7 2.96 8.8
NO n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
PL 2.27 8.0 n.a. n.a. n.a. n.a. n.a. n.a.
PT 1.21 9.1 0.21 1.6 1.35 8.0 1.18 7.0
RO 0.57 5.0 n.a. n.a. n.a. n.a. n.a. n.a.
SE 14.40 33.1 n.a. n.a. 2.91 11.4 1.09 4.3
SI 0.36 11.2 0.08 2.5 n.a. n.a. n.a. n.a.
SK 0.42 9.1 n.a. n.a. n.a. n.a. n.a. n.a.
UK 24.86 21.7 0.00 0.0 13.83 14.3 8.60 8.9
Note: AT = Austria, BE = Belgium, BG = Bulgaria, CZ = Czech Republic, DE = Germany, DK = Denmark, EE = Estonia, ES = Spain, FI = Finland, FR = France, HR = Croatia,
HU = Hungary, IE = Ireland, IT = Italy, LT = Lithuania, LU = Luxembourg, LV = Latvia, NL = Netherlands, NO = Norway, PL = Poland, PT = Portugal, RO = Romania, SE = Sweden,
SI = Slovenia, SK = Slovakia, UK = United Kingdom.
Source: Figures are based on Enerdata (2016).
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A. Damm et al. / Climate Services xxx (2016) xxx–xxx 52.3 C (Finland) to 12.4 C (Portugal) in the winter half year and
from 11.7 C (Norway) to 20.9 C (Italy) in the summer half year.
The use of electricity for space heating and air conditioning dif-
fers considerably as well. Norway, for instance, ranks among the
few countries where electricity represents the main heating
source. That is, about 73% of Norwegian households mainly use
electricity for space heating (Statistics Norway, 2014). In Finland,
electric residential space heating accounts for almost 46% of total
residential electricity consumption, in Sweden and France for
around 30% (see Table 2). In Lithuania, on the other hand, only
about 1.5% of total residential electricity consumption results from
electric residential space heating.
With regard to the usage of air cooling, data availability is
rather limited (see Table 2). According to the data available, resi-
dential electricity use for air cooling is high in Bulgaria, Croatia
and Italy, where the share in total residential electricity consump-
tion in each country amounts to around 12%. With a share of
almost 31% in the sector’s total electricity consumption, Spain
shows an intensive use of air cooling within the tertiary sector. A
comparatively negligible electricity consumption for air condition-
ing – at least in the residential sector – is currently found, for
instance, in Austria, France, the Netherlands, and the UK.
Considerable differences between the considered countries can
also be found with respect to the balance of electricity used for
space heating and air conditioning (see Table 2). In Spain, for
instance, the electricity consumed for residential and tertiary space
heating (25 MW h per year) almost equals the electricity con-
sumed for residential and tertiary air cooling (27 MW h per year).
In France, the electricity used for residential and tertiary space
heating (65 MW h per year) is four times higher than the con-
sumption for air cooling (17 MW h per year), whereas in the
Netherlands, 1.5 times more electricity is used for residential and
tertiary air cooling (3 MW h per year) than for space heating
(2 MW h per year).
2.1. Temperature data
We use observational daily mean temperature data from the E-
OBS dataset (Haylock et al., 2008) to calibrate the electricity demand
models and temperature data from 11 bias-corrected EURO-
CORDEX climate scenarios (Jacob et al., 2014) to assess the impacts
of +2 C on electricity demand in Europe. The climate simulations
are based on three different Representative Concentration Path-
ways (RCP): the most moderate RCP2.6 (2 simulations), the average
RCP4.5 (5 simulations) and the most severe RCP8.5 (4 simulations).
The period in which a global warming of +2 C is reached differs for
each simulation. Temperature-related changes in electricity
demand are presented using 30-year periods for each RCP in which
+2 C is reached on average: 2026–2055 for RCP8.5, 2036–2065 for
RCP4.5 and 2071–2100 for RCP2.6. It has to be noted that RCP2.6
simulations do not reach +2 C within the simulation period until
2100, so we use the latest possible 30-year time slice of 2071–
2100 in order to show results also for this most moderate scenario.
The +2 C results are compared to the reference period 1971–2000.
In order to calculate the national electricity consumption mod-
els, we do not simply take daily temperature data into account but
consider the spatial distribution of inhabitants within a country.
Thus, we create a population weighted temperature index which
best represents a country’s heating and cooling requirements. We
first correct temperature data for altitude effects (e.g. in alpine
regions the population usually lives in the valleys, while neighbor-
ing mountain areas, which affect the ‘mean grid temperature’, are
sparsely populated). For that we use information from Corine Land
Cover (EEA, 2012), calculate for each grid cell the average altitude
where the population truly lives and adjust temperatures for this
altitude by using daily temperature gradients from climate data.Please cite this article in press as: Damm, A., et al. Impacts of +2 C global warm
cliser.2016.07.001For the E-OBS data set as well as the climate scenario runs, we
calculate the temperature gradients (C/100 m) on a daily basis
by considering the first two surrounding grid circles for each grid
cell, i.e. at maximum 25 observations (if the grid is not surrounded
by ocean) are taken into account. This approach is more precise
than assuming constant gradients (e.g. 0.6 C/100 m) or calculating
monthly gradients. Furthermore, the restriction to the quite small
regions helps to reduce errors due to different climate regimes
within a region.
We aggregate the altitude corrected temperature data at NUTS-
3 level and calculate national temperature indices by using popu-
lation data from 2008 (Eurostat, 2014) as a weight. The approach
of using population weighted temperature data – also adopted
e.g. by Ruth and Lin (2006), Isaac and van Vuuren (2009), Klein
et al. (2013), and De Cian and Sue Wing (2014) – is supposedly
more precise than the common approaches of calculating the sim-
ple average from grid data or using temperature data for the lar-
gest cities of a country only.
2.2. Electricity consumption
Data on total daily national electricity consumption is provided
by the European Network of Transmission System Operators for
Electricity (ENTSO-E, 2014) and comprises the period 2006–2013,
except for Ireland (2008–2013), Estonia (2009–2013), Denmark,
Finland, Iceland, Latvia, Lithuania, Norway, Sweden and the United
Kingdom (2010–2013). For detailed information on the data col-
lected by ENTSO-E see e.g. ENTSO-E (2015).
As a first step, the consumption data needs to be corrected for
variations due to a range of non-climatic effects, most prominently
the effects of Christmas time, public holidays and bridging days,
summer holidays, weekdays, variations in economic activity, as
well as general changes in demand over time. We proceed in the
following way:
 The close-down of industry and infrastructure in July and
August leads to a substantial decrease in electricity consump-
tion in most European countries. Therefore, we carry out a sta-
tistical smoothing of summer consumption (July 1st to August
31st) for each country separately in order to cancel out the (pre-
dictable) temporal evolution of consumption while still being
able to determine consumption variations due to (unpre-
dictable) temperature changes.
 We calculate two econometric models, one for working days
and one for public holidays, bridging days, weekends and days
during Christmas time.
 Dummies for each weekday as well as a monthly industrial pro-
duction index1 and annual dummies are included in the models,
which seems particularly important for the recession years 2009
and 2010.
This correction for weekday effects, economic and time-varying
annual effects, as well as the smoothing of summer holiday effects,
finally leaves six different datasets of consumption data (summa-
rized in Table 3) all being tested in the modelling of the
consumption-temperature relationship. For each country we
determine the best model by considering several statistical criteria.
This will be discussed in more detail in Section 2.3.
2.3. Modelling
Using the corrected electricity consumption data and popula-
tion weighted temperature data, we model the statistical relation-ing on electricity demand in Europe. (2016), http://dx.doi.org/10.1016/j.
Table 3
Overview of the different electricity consumption datasets.
Nr Consumption data set Description
1 Original Original consumption data
2 Smoothed Summer holiday effect only
3 Smoothed.LM1 Summer holiday effect, weekday effects, industrial production**
4 Smoothed.LM2 Summer holiday effect, weekday effects, industrial production**, annual dummies
5 Smoothed.LM3 Summer holiday effect, weekday effects, industrial production**, dummies for 2009 and 2010
6 Smoothed.LM4* Like Smoothed.LM2, but fit only based on working days
* Only tested in the consumption data modelling for working days.
** Note that no data on industrial production is available for Croatia, the Netherlands or Norway.
6 A. Damm et al. / Climate Services xxx (2016) xxx–xxxship between these two variables for each country. As the transi-
tion from cooling to heating is not a sudden, but rather a gradual,
process, Smooth Transition Regression (STR) models are applied,
following Moral-Carcedo and Vicéns-Otero (2005). The model for
each country can be expressed as follows:3 Scapin et al. (2015) consider solar radiation in addition to the temperatureyt ¼ða1þb1TMPtÞð1FðTMPt ;c;cÞÞþða2þb2TMPtÞFðTMPt ;c;cÞþet
The corrected consumption data yt is described via two linear
functions with the parameters a ¼ ða1;a2Þ and b ¼ ðb1; b2Þ, linked
by a logistic transition function FðTMPt ; c; cÞ ¼ ð1þ ecðTMPtcÞÞ1.
TMPt corresponds to the temperature at time t, c characterizes
the threshold where the change of state occurs, and c measures
the smoothness of transition between the two states of cooling
and heating. et is an independent and identically distributed ran-
dom variable with zero mean and variance given by r2.
To estimate the parameters we use a nonlinear-least-squares
approach, which requires the computation of starting values.
Therefore, grid search is used, i.e. for each value of c in the
sequence of natural numbers from 9 to 20 and each value of c in
the sequence from 0.5 to 2.5 with step size 0.5 the residual sum
of squares is computed. The values that correspond to the mini-
mum of that sum are taken as starting values.
Having estimated six different models for each country, corre-
sponding to six different procedures to filter the consumption data,
we select the best model for each country considering tests for nor-
mal distribution, the sum of squares, and residual plots. First, we
exclude those models which did not pass the test of normal distri-
bution (5% confidence level). Among the remaining models we
select the model with the minimum residual sum of squares. In 8
out of the 26 countries (FR, DK, IE, LU, NL, PL, PT, and SI) none of
the six estimated models passes the test of normal distribution.
Since normal distribution is not a necessary condition, but identi-
cal and independent distribution is, for these 8 countries plots of
the residuals are analyzed and the model corresponding to the best
residual plot is selected2.
Several assumptions have to be made to calculate a country’s
current and future heating and cooling electricity demand from
the estimated non-linear relationship between temperature and
the corrected electricity consumption. In principle, heating and
cooling electricity demand can be defined to be the sum of the dif-
ference of modeled daily electricity consumption at the respective
temperature level and the lowest electricity consumption, which
occurs when the temperature equals the transition point
temperature. If daily mean temperature is below the transition
point, additional consumption is attributed to heating; if it is above
this point, additional consumption is attributed to cooling.
Note that under this definition temperature-related effects that
have not been filtered ex-ante and that may be caused by reasons2 The residuals of these 8 countries are probably not normally distributed due to
some outliers. Due to the large data sets – as we carry out the analysis on a daily basis
– the model fit should not be influenced considerably.
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cliser.2016.07.001other than heating and cooling activities cannot be separated from
heating and cooling activities. Examples of such effects not only
include artificial snowmaking on cold winter days or changing
leisure, irrigation and behavior patterns on warm summer days,
but also the ‘‘temperature-related” part of lighting demand:
The annual cycle of solar radiation angle and day length
co-determines the annual temperature cycle, i.e. periods of
enhanced lighting demand due to reduced hours of daylight go
along with periods of lower temperatures. Because of this relation-
ship between day length and temperatures, parts of the additional
electricity demand due to reduced hours of daylight during winter
time are attributed to heating electricity demand within the cho-
sen calculation procedure3. This effect is more pronounced in the
northern parts of the study area. However, overall heating and cool-
ing activities are presumably the dominant temperature-related
effects.
Furthermore, it has to be kept in mind that the presented
results for future periods are based on the strong assumption that
consumers will react to temperature changes in the future in the
same way as they currently do (period 2006–13), i.e. electricity
demand response functions are assumed not to change over time.
This simplifying assumption is made as the extent of future heating
and cooling electricity consumption will heavily depend on uncer-
tain future energy policy and consumer behavior. We also do not
account for future changes in population, income level, industrial
activities or any other non-climatic factors that may influence elec-
tricity demand. That is, our analysis is limited to the impacts a 2 C
global warming scenario has on electricity demand under the pre-
sent economy.
2.4. Peak demand (Weather-Value at Risk)
In addition to mean changes in electricity consumption, we look
at extraordinarily high electricity demand either due to increased
heating or cooling demand and possible shifts under future cli-
mate, which is particularly relevant for questions of network reli-
ability. For this purpose, we take a closer look at the distribution
of our daily electricity demand simulations. Note that since varia-
tions in our simulated data solely result from changes in day to day
temperature levels, the resulting distribution is completely tem-
perature induced. For our peak demand analysis we focus on the
95th percentile of the temperature induced distribution of daily
electricity demand, i.e. the lower bound of electricity demand
within those 5% of days that show the highest simulated electricity
demand. In order to better filter out potential changes in demand
variability due to +2 C global warming – mean changes in electric-
ity demand are studied separately anyway (see Section 2.3) – the
95th percentile is reported as deviation from the median eachindicators HDD and CDD when modelling Italian electricity demand, which allows
them to separately account for lighting. However, the high correlation between HDD
and solar radiation due to their similar yearly cycles makes it a non-trivial task to
separate their contributions to electricity demand.
ing on electricity demand in Europe. (2016), http://dx.doi.org/10.1016/j.
4 Together, residential and service sector account for about 68% of total final
electricity consumption in France (see Table A.1 in the Appendix).
A. Damm et al. / Climate Services xxx (2016) xxx–xxx 7time. Following this definition, we calculate peak electricity
demand for the reference climate and the +2 C scenarios to iden-
tify possible shifts in the temperature-induced distribution of elec-
tricity demand.
Note that our definition of temperature-related peak electricity
demand is in line with the concept of Weather-Value at Risk
(Weather-VaR) introduced by Toeglhofer et al. (2012) and
extended by Prettenthaler et al. (2016). They define the centred
Weather-VaR (0.95) as the weather-induced ‘loss’ – measured as
deviation from the value expected under average weather condi-
tions – which will not be exceeded with a probability of 95%
within a pre-defined time horizon or which will be exceeded with
a probability of 5%. Note that the term ‘loss’, as used in the original
Weather-VaR concept, may just be interpreted as ‘something
adverse’. Hence, as long as temperature-induced above-average
electricity demand is regarded as a ‘loss’ or something ‘adverse’
– which seems accurate at least from the perspective of the con-
sumer – the definition of temperature-induced peak demand
applied within this paper perfectly corresponds to the centred
Weather-VaR (0.95). From the perspective of the electricity
producer, the wording used in the original Weather-VaR concept,
in contrast, does not apply perfectly, as in principle above-
average demand means a gain and hence something positive.
However, exceptionally high demand as indicated e.g. by the
95th percentile (or exceptionally high variability of demand) bears
challenges to the producer as well and may hence be interpreted
as something ‘adverse’. Thus, in the following we use the terms
‘temperature-induced peak demand’ and ‘Weather-VaR (0.95)’
interchangeably.
3. Results
In Section 3.1 we present the modelling results on the examples
of Italy, France and Sweden, which show quite different tempera
ture-consumption-relationships. While France and Sweden pre-
sent two different examples for heating dominated countries, Italy
is exemplary for a country with a distinct cooling effect. In Sec-
tion 3.2 the impacts of +2 C global warming on electricity demand
are presented for all 26 countries considered.
3.1. Modelling results
Fig. 2 shows the non-linear electricity demand response to
temperature for Sweden (left), France (middle) and Italy (right)
on working days. The black dots show the corrected electricity
consumption, whereas the orange line illustrates the final model
fit.
Sweden is exemplary for a country where a negative relation-
ship between temperature and electricity consumption is
observed for almost the entire temperature range covered by
observational data. The negative slope of the response function
does not flatten until the top end of the temperature range, where
it converges to the ‘‘transition point”. Overall, electricity demand
in Sweden shows clear temperature sensitivity with respect to
heating, whereas cooling is almost negligible under current condi-
tions. Similarly shaped electricity demand response functions can
be found in other northern countries, including Denmark, Estonia,
Finland and Norway (see Figs. A.2–A.5). Among these five coun-
tries, Sweden’s average temperature sensitivity of electricity
demand left to the transition point temperature, ranks second
behind Norway’s.
France is a perfect example of a clearly heating dominated
country, where cooling nevertheless plays some minor role as well.
With a much more pronounced heating than cooling effect, the
shape of the electricity demand response function is reminiscent
of an ‘‘L” or a hockey stick. The negative slope of the function leftPlease cite this article in press as: Damm, A., et al. Impacts of +2 C global warm
cliser.2016.07.001of the transition point temperature is considerably steeper than
the positive slope of the function right of the transition point. That
is, a temperature decrease of 1 C left of the transition point causes
a much stronger electricity demand increase than a temperature
increase of 1 C right of the transition point. Compared to all other
26 countries considered, France’s response function exhibits the
steepest negative slope left of the transition point, which amongst
others results from the comparatively high penetration of electric
space heating: as illustrated in Table 2, France ranks third behind
Finland and Sweden regarding the share of residential electric
space heating in total residential electricity use and its service sec-
tor shows a comparatively high use of electricity for space heating
as well4.
There are several other countries showing some sort of an ‘‘L”
or hockey-stick-shaped response function, including Austria, Bel-
gium, Bulgaria, the Czech Republic, Germany, Ireland, Lithuania,
Latvia, Poland, Slovakia and the UK (see Figs. A.2–A.5). Compared
to France, they exhibit weaker temperature sensitivity of elec-
tricity consumption left of the transition point temperature.
For some, a decline of the heating effect is even observable for
lower temperatures (e.g. Austria). The temperature sensitivity
right of the transition point temperature varies notably among
the mentioned countries, with Belgium showing the weakest
and Bulgaria the strongest sensitivity. However, in any case
the average temperature sensitivity right of the transition point
temperature is clearly less pronounced than the sensitivity left
of it.
Italy, on the other hand, shows a very distinct cooling effect,
where the average temperature sensitivity right of the transition
point temperature is even more pronounced than the sensitivity
left of it. Moreover, a decrease of the heating effect for tempera-
tures lower than 5 C is observable while the cooling effect shows
no decrease for higher temperatures. Southern countries like Croa-
tia, Spain, Portugal, but also Hungary (and to a smaller extent
Slovenia), show similar V-shaped patterns in their electricity
demand response, like Italy (see Figs. A.2–A.5). That is, the average
temperature sensitivity of electricity demand left and right of the
transition point temperature is either more or less balanced (e.g.
Croatia, Spain) or even more pronounced in the cooling part (Italy,
Hungary). Hence, in these countries higher temperatures also lead
to a noticeable increase in electricity demand due to the enhanced
cooling needs.
The degree of influence of e.g. summer holidays, weekdays,
industrial production, and economic recession on electricity
demand, and consequently the effectiveness of the different ways
to correct the original consumption data for the purpose of esti-
mating the consumption-temperature relationship, differs
between the countries. Table 4 lists for each country the selected
model, i.e. the selected type of consumption data correction for
the working day and for the non-working day model (see Table 3
for the different types of consumption data corrections). In the
working day models, a statistical smoothing of summer holidays
is effective for most of the countries, except for Latvia, Norway
and the United Kingdom. In most of the countries a correction
for weekdays and industrial production also leads to a better
model fit. While in some countries (Belgium, Estonia, Croatia, Italy,
Lithuania, and Poland) the economic crisis requires a correction of
consumption data in 2009 and 2010, in other countries in general a
correction of consumption data by annual dummies is effective.
Annual dummies, which are intended to correct not only economic









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Fig. 2. Temperature impacts on filtered electricity consumption in Sweden (SE), France (FR) and Italy (IT) on working days. Black dots: consumption data (filtered), orange
line: final model fit. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Table 4
Model selection, transition points, and mean temperature change.
Model selection Transition points Temperature change
Working day model Non-working day model Working day model Non-working day model £ RCP2.6 £ RCP4.5 £ RCP8.5
AT 6 4 16.9 16.2 0.9 1.6 2.1
BE 5 2 24.1 14.3 1.0 1.3 1.8
BG 2 2 18.8 18.3 1.1 2.0 2.6
CZ 4 1 19.8 28.4 1.0 1.6 2.2
DE 4 2 16.4 14.8 1.0 1.5 2.0
DK 6 2 22.9 11.2 1.2 1.6 2.1
EE 5 1 23.6 18.9 1.5 2.0 2.6
ES 2 2 16.9 17.1 1.0 1.6 2.2
FI 3 3 21.9 23.6 1.8 2.4 3.0
FR 3 3 18.3 17.0 0.9 1.4 1.9
HR 5 2 17.6 17.6 0.9 1.7 2.1
HU 4 2 16.9 16.7 0.9 1.6 2.1
IE 6 4 15.4 14.9 0.8 1.0 1.5
IT 5 2 17.2 16.6 0.9 1.6 2.1
LT 5 2 15.4 26.8 1.3 1.8 2.3
LU 4 2 12.6 26.9 1.0 1.4 1.9
LV 1 2 17.5 16.9 1.4 1.9 2.4
NL 6 2 14.1 11.6 1.0 1.4 1.8
NO 1 2 18.9 15.2 1.5 1.9 2.5
PL 5 5 15.6 14.5 1.1 1.6 2.1
PT 6 1 18.3 16.4 0.8 1.3 1.9
RO 4 1 18.2 16.1 1.1 1.9 2.4
SE 6 2 20.7 16.4 1.5 1.9 2.5
SI 4 2 14.9 15.0 1.0 1.7 2.2
SK 4 2 19.1 16.6 1.0 1.7 2.3
UK 1 1 17.2 20.8 0.9 1.2 1.7
8 A. Damm et al. / Climate Services xxx (2016) xxx–xxxcalibration period (as occurred e.g. in Austria), might also undesir-
ably correct for effects of varying mean temperatures.
Taking the final selected models for each country, we identify
the transition point temperature, which is used to split total elec-
tricity demand into heating and cooling (and temperature-
independent) demand (see Table 4). The transition point tempera-
ture ranges in the working day models between 12.6 C and 24.1 C
(median: 17.5 C) and in the non-working day models between
11.2 C and 28.4 C (median: 16.6 C).3.2. Climate change impacts
When temperatures globally rise by +2 C, European countries
may experience a different extent of warming. Notably, a stronger
warming than the global average is projected in the north and eastPlease cite this article in press as: Damm, A., et al. Impacts of +2 C global warm
cliser.2016.07.001in winter and in the south in summer. Table 4 shows the projected
changes in mean annual temperature per country for each RCP.
Based on the projected temperature and the estimated
consumption-temperature relationship for each country, the
impacts of +2 C global warming on electricity demand are
calculated. In Section 3.2.1 the changes in mean annual electricity
demand are presented, whereas Section 3.2.2 shows the changes in
the Weather-VaR (0.95) of daily electricity demand, i.e. in
temperature-induced peak electricity demand.3.2.1. Mean changes in electricity consumption
Fig. 3 shows the relative change in mean annual electricity
demand in the +2 C periods for each RCP. Overall, warmer annual
temperatures reduce total electricity consumption in all consid-

































Fig. 3. Change in mean annual electricity consumption in the +2 C periods [%].
5 Note that when calculating a country’s heating and cooling electricity demand
based on the estimated response functions according to the approach described in
Section 2.3, additional electricity consumption is attributed to heating (cooling)
whenever the daily mean temperature is below (above) the transition point.
A. Damm et al. / Climate Services xxx (2016) xxx–xxx 9terms, the mean annual electricity demand increases in a +2 C
world in Italy by up to 0.6%, while in all other countries a decrease
in the mean annual demand is measured – the highest in Norway
with up to 5.2%, followed by Sweden, Estonia, Finland and France.
Comparing the three different RCPs, in most of the countries
(except Bulgaria and Italy) the highest reduction in electricity
consumption is associated with the most severe emission scenario
RCP8.5. Measured in absolute terms, the highest decrease by far in
electricity consumption is found for France (see Fig. 4, which
shows the change in annual electricity consumption for cooling,
heating and for overall consumption, using five RCP4.5
simulations). Note that the reductions in heating electricity
demand in France alone more than outweigh the additional
demand for cooling in the European countries for which calcula-
tions are done.
However, even if overall heating effects dominate, for some
countries with warmer summer temperatures cooling effects are
far from negligible (see Fig. 4). In particular, in Italy nowadays,
annual cooling electricity demand already almost equals annual
heating electricity demand but is potentially more threatening to
network reliability due to its concentration to fewer peak days.
Notably, for Italy, the increase in cooling electricity demand is pre-
dicted to be stronger than the decrease in heating electricity
demand, while for other countries with comparatively warm sum-
mer temperatures (i.e. Spain, Portugal, Croatia, and Bulgaria), a
stronger decline in heating demand than increase in cooling
demand is expected. With respect to the transition point tempera-
ture and the temperature changes projected under +2 C global
warming, all southern countries considered show quite similar
characteristics (see Table 4). Only Bulgaria differs slightly as tran-
sition point temperature and projected temperature changes are
both somewhat higher than in the other southern countries. How-
ever, there are noticeable differences with respect to their current
sensitivity of electricity demand towards temperatures right of the
transition point temperature. Among all southern countries con-
sidered, Italy’s electricity consumption shows the highest temper-
ature sensitivity with respect to cooling, i.e. its response function’s
slope right of the transition point is comparatively the steepestPlease cite this article in press as: Damm, A., et al. Impacts of +2 C global warm
cliser.2016.07.001(see Figs. 2 and A.2–A.5). Moreover, with a value of 2.4 Italy shows
the highest absolute ratio between the temperature sensitivity of
electricity consumption along the temperature range associated
with cooling (represented by the response function’s average slope
right of the transition point) and the temperature sensitivity of
electricity consumption along the temperature range associated
with heating (represented by the response function’s average slope
left of the transition point). In other words, Italy’s electricity
demand is more sensitive to temperature changes within the tem-
perature range associated with cooling than that associated with
heating, and the difference between these two sensitivities is more
pronounced than in other southern countries considered within
the analysis.
The effect of changing heating versus changing cooling
demands is also visible when looking at the change in daily elec-
tricity consumption per month (Fig. 5). Here, the differences
between southern, central, and northern European countries are
shown in the examples of Italy, France and Sweden. In France, glo-
bal warming reduces electricity consumption in all but two
months of the year, i.e. only in the summer months July and
August is a slight increase in electricity consumption expected.
In Sweden, by contrast, warmer temperatures lead to a net
decrease in electricity consumption throughout the whole year.
Hence, even during the summer months, the additional demand
for cooling does not outweigh the reduced demand for heating5.
This also holds true for some other northern countries, including
Denmark, Estonia, Finland, Norway and the UK. In Italy, the
temperature-induced increase in electricity consumption between
May and September is expected to exceed the decrease in the win-
ter months.
Expressing the electricity demand changes in monetary
terms at current prices (excluding taxes, which are very
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Fig. 4. Change in mean annual electricity consumption for heating and cooling in the +2 C period (RCP4.5 2036–2065) [TW h/year]. Note that total electricity consumption
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Fig. 5. Change in mean daily electricity consumption in the +2 C periods per month in Sweden (SE), France (FR) and Italy (IT).
10 A. Damm et al. / Climate Services xxx (2016) xxx–xxxFrance correspond to a reduction in consumer spending for elec-
tricity between € 976 million and € 1 713 million (dependent on
the RCP), whereas for Italy results suggest an increase in con-
sumer spending for electricity by € 68 million to € 246 million.
Overall, the effect results in a decrease by € 3.8 billion to € 6.6 bil-
lion for the considered European countries. Of course, these
effects are unevenly distributed, not only between states, but also
between different user groups. While e.g. especially in countries
with moderate temperatures office buildings are typically more
responsive to increased cooling activities due to a considerably
higher penetration rate of air conditioning, private households
may be less affected by rising summer temperatures, given cur-
rent structures.Please cite this article in press as: Damm, A., et al. Impacts of +2 C global warm
cliser.2016.07.0013.2.2. Changes in peak electricity demand (Weather-VaR (0.95))
As shown in the previous section, in most European countries
+2 C global warming leads to an overall decrease in mean annual
electricity consumption. Besides changes in mean electricity
demand, it is also important to know about potential changes in
temperature-induced peak electricity demand, particularly with
respect to network reliability.
In the reference period the relativeWeather-Value at Risk (0.95)
of daily electricity demand lies between 10% and 38% in the consid-
ered countries (median 17%). The highest relative Weather-VaR
(0.95) is recorded for France, Bulgaria, Sweden, and Norway with
values above 30% (see Fig. A.1 in the Appendix). A Weather-VaR
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Fig. 6. Change in Weather-VaR (0.95) of daily electricity demand in the +2 C period (RCP4.5, 2036–2065). Error bars show the range of the five RCP4.5 simulations. Note that
total electricity consumption also comprises the temperature-independent amount of electricity consumption.
A. Damm et al. / Climate Services xxx (2016) xxx–xxx 11daily electricity demand simulations for the reference period – 5%
of all days show a simulated electricity demand exceeding themed-
ian by at least 30%.
Fig. 6 illustrates the changes in the Weather-VaR (0.95) of daily
electricity demand for cooling, heating, and overall electricity con-
sumption between the reference period and the +2 C period
(RCP4.5) in absolute terms. With respect to cooling, not only will
mean electricity demand increase in all countries considered (see
Fig. 4), but also peak demand. The highest increase in the
Weather-VaR (0.95) of daily electricity demand for cooling is found
for Italy with an average increase of 40 GW h. That is, in the +2 C
period, the lower bound of electricity consumption found on the 5%
of days with the strongest demand shows a deviation from the per-
iod’s median consumption that is 40 GW h higher than in the ref-
erence period. This rise in the Weather-VaR (0.95) equals 3.4
times the increase identified for mean daily cooling electricity
demand. For Belgium, the increase in the Weather-VaR (0.95)
exceeds the rise in mean daily cooling electricity demand even
by the factor of 10.6.
While the changes in peak electricity demand for cooling
show a clear pattern (both across nations and climate simula-
tions), the direction of change in peak electricity demand for
heating, and also in overall peak electricity demand, differs
between countries and also partly between climate simulations.
In many countries, the results of the five RCP4.5 simulations do
not indicate the same sign; i.e. uncertainties with respect to
changes in peak demand are high. Regarding heating, all
RCP4.5 simulations agree on a decrease of peak demand in
two of the 26 countries considered (FI and EE) and an increase
in eleven countries (AT, BG, CZ, DE, HU, IT, NL, PT, RO, SI, and
SK). Apart from Luxembourg and Sweden, the remaining coun-
tries show on average an increase in peak demand, although
some RCP4.5 runs point in the opposite direction. Hence, even
though mean heating electricity consumption is decreasing in
all 26 countries considered, the Weather-VaR (0.95) of heating
demand is found to rise in 24 countries, at least according to
the average of the five RCP4.5 runs.
Regarding overall electricity consumption (including
temperature-independent electricity demand), the five RCP4.5Please cite this article in press as: Damm, A., et al. Impacts of +2 C global warm
cliser.2016.07.001simulations agree on an increase in peak demand in Italy and a
decrease in eleven countries (AT, DE, ES, FI, HU, LT, LU, NL, PL, PT,
and SI). Among the remaining countries, which do not show model
agreement on the direction of change, the Weather-VaR (0.95) of
electricity demand increases on average in Estonia, the Czech
Republic, Slovakia, and Norway.
4. Discussions and conclusions
Results in the previous section clearly show a temperature-
induced reduction in electricity demand for most European coun-
tries; i.e. decreases in heating electricity demand more than out-
weigh increases in cooling electricity demand when the
temperature globally rises by +2 C. In most countries, the
Weather-VaR (0.95) of daily electricity demand for cooling and
heating increases, whereby the uncertainties in case of heating
are high. Regarding overall electricity consumption (including
temperature-independent electricity demand), peak demand
decreases in most countries. However, in many countries this
result has to be taken with caution, as the impacts resulting from
different climate simulations differ in their signs.
By far the highest absolute net-decrease in mean electricity
consumption is found for France. This dominance of changing
heating electricity demand can be explained by the French
energy policy, where electric heating has been strongly pro-
moted since the 1970s for the reasons of reducing energy
dependency and also the – however controversial – argument
of CO2-savings compared to conventional heating fuels
(Marignac et al., 2008). Norway shows the highest relative net-
decrease in mean electricity consumption. Ranking among the
few countries where electricity represents the main heating
source (Statistics Norway, 2014), Norway’s electricity demand
response function exhibits one of the steepest negative slopes left
of the transition point.
In contrast to previous studies (e.g. Eskeland and Mideksa
(2010), Pilli-Sihvola et al. (2010)), a temperature-induced increase
in electricity consumption – with the increases in cooling electric-
ity demand outweighing the decreases in heating electricity
demand – is only found for Italy. Eskeland and Mideksa (2010),ing on electricity demand in Europe. (2016), http://dx.doi.org/10.1016/j.
12 A. Damm et al. / Climate Services xxx (2016) xxx–xxxhowever, additionally reveal increases in electricity demand for
Spain as well as four countries not considered within the present
study, namely Cyprus, Greece, Malta and Turkey. Also Pilli-
Sihvola et al. (2010) find this effect for Spain.
Pilli-Sihvola et al. (2010) derive their electricity demand
response functions using monthly data and applying heating
(HDD) and cooling degree days (CDD) to account for potential
non-linearities. Their results for Spain suggest that, starting from
a temperature above +21 C, a temperature increase of 1 C causes
electricity demand to increase by about 1.8%. Starting from a tem-
perature below +12 C, a temperature decrease of 1 C is associ-
ated with an increase of electricity demand by about 1.4%. Thus,
the resulting temperature sensitivity of electricity demand is
higher within the temperature range associated with cooling than
that with heating. Using daily data and smooth transition regres-
sion models, results of the present paper, by contrast, indicate
that for Spain a temperature increase (decrease) of 1 C right (left)
of the transition temperature causes electricity demand to
increase by about 1.4% (1.7%) on average. Hence, compared to
Pilli-Sihvola et al. (2010) the approach used within the present
paper not only results in a lower temperature sensitivity of elec-
tricity demand within the ‘‘cooling” temperature range, but also
finds the sensitivity of electricity demand within the ‘‘heating”
temperature range to exceed its pendant within the ‘‘cooling”
temperature range.
Applying a panel data approach when estimating the
temperature-demand relationship for 31 European countries,
Eskeland and Mideksa (2010) work with uniform temperature
sensitivities representing the average across all countries. Hence,
differences in climate change impacts across the 31 countries
considered solely result from differences in their current temper-
ature levels and expected future temperature changes. The
approach chosen within the present paper, by contrast, allows
for different temperature-demand relationships for each of the
countries considered, e.g. due to national disparities in housing
insulation, air conditioning penetration, share of electric heating
appliances, etc. The results suggest that Italy not only shows
the highest temperature sensitivity of electricity demand within
the ‘‘cooling” temperature range among the countries considered,
but – with a value of 2.4 – also the highest absolute ratio
between the temperature sensitivity of electricity consumption
within the ‘‘cooling” temperature range and the temperature sen-
sitivity of electricity consumption within the ‘‘heating” tempera-
ture range. The ratio for Spain, by contrast, is found to be
below 1. In addition, studying the climate change effects resulting
under the A1B emission scenario by the end of the century,
Eskeland and Mideksa (2010) consider more pronounced global
warming (about +3 C) than the +2 C assumed within the present
paper.
The present results of climate change impacts on electricity
demand are obtained using the strong assumption that the sensi-
tivity of heating and cooling systems to temperature is constant
over time. In other words, cooling demand is not expected to
change for other reasons than temperature change, like e.g. gen-
eral changes in behavior and comfort levels, a higher market pen-
etration of cooling devices, or changes in the efficiency of cooling
technologies. Likewise, heating electricity demand is under this
assumption only influenced by temperature change, but not e.g.
by efforts to improve building insulation, the change to other
less-carbon intensive heating fuels or, on the other hand, the
use of additional electricity for powering thermal heat pumps.
As a matter of fact, the temperature sensitivity of electricity
demand has however been changing over time (particularly with
respect to cooling) as for instance shown by Amato et al. (2005),Please cite this article in press as: Damm, A., et al. Impacts of +2 C global warm
cliser.2016.07.001Bessec and Fouquau (2008), Hekkenberg et al. (2009), De Felice
et al. (2013) or Scapin et al. (2015). One reason for this change
may be the rising market penetration of electric cooling systems
due to increasing incomes, rising temperatures and decreasing
prices of air conditioners following technical progress. In Spain,
the penetration of air conditioning in residential buildings, for
instance, increased from 14.9% to 55.3% between 2000 and 2008
(Fernández Boneta and Sebi, 2012). Global warming may con-
tribute considerably to an intensified distribution of air condition-
ing (Sailor and Pavlova, 2003) in countries with currently cool to
moderate temperatures, thereby increasing the temperature sen-
sitivity of electricity demand for cooling. That is, the electricity
demand response functions of countries with currently cool to
moderate temperatures may switch from an L-shaped to a more
V-shaped curve. Consequently, the present study may underesti-
mate the climate change impacts on electricity demand for cool-
ing. Rather short daily time series comprising only four years in
the case of Denmark, Finland, Iceland, Latvia, Lithuania, Norway,
Sweden and the United Kingdom, may further contribute to an
underestimation of temperature sensitivities as temperature vari-
ability and especially extremes might be underrepresented in the
available calibration period.
Another obvious limitation of our study is that – due to data
constraints – the analysis does not distinguish between the
residential, commercial and industrial sector. However, these
sectors exhibit different temperature sensitivities of electricity
demand (see e.g. Amato et al. (2005), De Cian and Sue
Wing (2014), Ruth and Lin (2006)). In most countries, the
penetration of air conditioning is for example considerably
higher in the commercial sector than in the residential sector
(see Table 2), suggesting a stronger temperature dependency of
the commercial sector’s electricity demand with respect to
cooling. Overall, separate analyses may provide valuable insights
on potential differences in the sectors’ vulnerability towards 2 C
global warming.
To sum up considerations on temperature-induced changes in
heating and cooling electricity demand in this paper, we draw
the following conclusions:
 Whereas temperature is unquestionably important for explain-
ing consumption patterns, there are additional, non-climatic
factors determining how temperature changes impact a coun-
try’s existing electricity system, including the efficiency of elec-
tricity use, the electricity intensity of the national industries,
the share of electricity use in space heating, and the penetration
of air conditioning. This is illustrated by the differences in the
slopes and shapes of electricity demand response functions
found between countries with currently similar temperature
conditions (compare e.g. the electricity demand response func-
tions of the warmer southern countries Bulgaria, Croatia, Italy,
Spain and Portugal or the functions of the moderate-
temperature countries France, Germany, Austria and Hungary
in the Appendix). Changes in these non-climatic factors may
considerably affect the impacts of +2 C global warming on elec-
tricity demand.
 Unless Europe will switch to a very cooling intensive lifestyle or
abandon electric heating, +2 C global warming will very likely
have positive effects on electricity demand in the sense that
overall less electricity will be used.
 In most countries for which calculations are done, current cool-
ing electricity demand is estimated to be relatively small com-
pared to heating electricity demand, and climate change will
lead to a reduction of electricity consumption. While in several
countries with comparatively warm summer temperaturesing on electricity demand in Europe. (2016), http://dx.doi.org/10.1016/j.
A. Damm et al. / Climate Services xxx (2016) xxx–xxx 13(Spain, Hungary, Croatia) a stronger decline in heating demand
than increase in cooling demand is expected, the opposite holds
true for Italy.
 Peaks of electricity demand for cooling are expected to increase.
Depending on the country, temperature-induced rises in
peak cooling demand may exceed temperature-induced
increases in mean cooling electricity demand by a factor up to
11 (median: 5).
 As is well-known from previous studies (see e.g. Amato et al.
(2005), Ahmed et al. (2012), Eskeland and Mideksa (2010)),
temperature is just one of many factors influencing total elec-
tricity demand, including income, electricity prices, demogra-
phy and technology. Thus, the amount of electricity used for
heating and cooling purposes may be less determined by future
temperature but rather be dependent on energy policy and the
willingness to design a low-carbon, energy-efficient heating and
cooling system that is flexible enough to adapt to changing
temperatures.
The results presented in this paper could provide useful
information for electricity network operators and energy policy
makers. The determination of Weather-VaR of electricity demand
shows the impacts of unusually hot or cold days and periods on
electricity consumption, which is important for evaluating net-
work reliability. Combining the applied methods to determine cli-






















Fig. A.1. Relative Weather-VaR (95%) of daily electricity dem
Please cite this article in press as: Damm, A., et al. Impacts of +2 C global warm
cliser.2016.07.001with the impacts on electricity supply on a daily basis or even
on an hourly basis, could help to better understand how the
described demand effects will interact with supply side effects
and whether future peak demand requirements can be met.
Potential reduced hydropower availability in summer or changes
in the availability of wind power and photovoltaic energy produc-
tion could pose challenges to electricity network operators in
view of an increased cooling demand in summer, especially in
the southern regions.
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Fig. A.2. Temperature impacts on filtered electricity consumption on working days in Austria, Belgium, Bulgaria, Czech Republic, Germany and Denmark.
14 A. Damm et al. / Climate Services xxx (2016) xxx–xxx
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Fig. A.3. Temperature impacts on filtered electricity consumption on working days in Estonia, Spain, Finland, Croatia, Hungary and Ireland.
A. Damm et al. / Climate Services xxx (2016) xxx–xxx 15































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Fig. A.4. Temperature impacts on filtered electricity consumption on working days in Lithuania, Luxemburg, Latvia, Netherlands, Norway and Poland.
16 A. Damm et al. / Climate Services xxx (2016) xxx–xxx























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Fig. A.5. Temperature impacts on filtered electricity consumption on working days in Portugal, Romania, Slovenia, Slovakia and the United Kingdom.
A. Damm et al. / Climate Services xxx (2016) xxx–xxx 17
Please cite this article in press as: Damm, A., et al. Impacts of +2 C global warming on electricity demand in Europe. (2016), http://dx.doi.org/10.1016/j.
cliser.2016.07.001
Table A.1
Electricity consumption per sector, measured in % of total final consumption of electricity, Ø 2010–2013 (figures within the braces represent the rank among the considered
countries).
Agriculture & transport Industry Services(tertiary) Residential
[%] [%] [%] [%]
Austria (AT) 7.3 (4) 45.1 (7) 20.3 (25) 27.3 (15)
Belgium (BE) 1.7 (24) 46.5 (5) 27.2 (16) 24.5 (21)
Bulgaria (BG) 2.0 (23) 29.8 (22) 29.4 (15) 38.7 (2)
Czech Republic (CZ) 9.5 (3) 40.3 (11) 24.5 (21) 25.7 (20)
Germany (DE) 4.0 (11) 43.8 (8) 25.7 (19) 26.4 (18)
Denmark (DK) 7.1 (5) 27.2 (24) 33.4 (8) 32.3 (8)
Estonia (EE) 4.0 (13) 31.0 (20) 36.5 (3) 28.5 (12)
Spain (ES) 5.1 (8) 30.1 (21) 33.6 (7) 31.2 (10)
Finland (FI) 2.7 (18) 48.5 (2) 22.3 (23) 26.6 (17)
France (FR) 4.7 (9) 27.1 (25) 32.5 (9) 35.7 (4)
Croatia (HR) 2.1 (22) 21.6 (26) 34.7 (6) 41.7 (1)
Hungary (HU) 5.4 (6) 31.8 (17) 30.7 (12) 32.0 (9)
Ireland (IE) 2.4 (21) 37.5 (13) 26.7 (17) 33.3 (7)
Italy (IT) 4.0 (12) 42.2 (9) 30.1 (14) 23.7 (22)
Lithuania (LT) 12.6 (2) 31.7 (18) 25.3 (20) 30.4 (11)
Luxembourg (LU) 1.7 (25) 46.4 (6) 38.4 (2) 13.5 (26)
Latvia (LV) 4.2 (10) 27.3 (23) 40.3 (1) 28.1 (14)
Netherlands (NL) 12.8 (1) 33.8 (15) 30.8 (11) 22.6 (24)
Norway (NO) 2.6 (19) 40.2 (12) 23.0 (22) 34.3 (6)
Poland (PL) 3.7 (14) 36.9 (14) 36.1 (4) 23.4 (23)
Portugal (PT) 2.9 (17) 33.4 (16) 35.5 (5) 28.2 (13)
Romania (RO) 5.1 (7) 48.7 (1) 19.3 (26) 26.9 (16)
Sweden (SE) 3.7 (15) 41.2 (10) 20.4 (24) 34.7 (5)
Slovenia (SI) 1.3 (26) 46.6 (4) 26.3 (18) 25.8 (19)
Slovakia (SK) 3.4 (16) 46.8 (3) 30.9 (10) 18.9 (25)
United Kingdom (UK) 2.6 (20) 31.4 (19) 30.2 (13) 35.8 (3)
Source: Figures are based on Enerdata (2016).
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